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INTRODUCTION
Synthesis in flow reactors has proven to be an enabling technology for safety-critical reactions. [1] [2] [3] [4] Unlike in batch reactors, the thermal mass of reacting fluid is low at any time. The product stream can be thermally/chemically quenched continuously and safely stored in vessels, 5 immediately transferred into downstream processing units, 6, 7 or even telescoped into subsequent reaction steps. [8] [9] [10] One category of reactions ideally suited for taking benefit of the advantages of flow chemistry are oxidations with O2, so-called autoxidations, preferably for selective late-stage functionalization of fine chemicals. 11 Firstly, these reactions require good gas-to-liquid mass transfer and elevated gas pressures. Secondly, tight control over the critical reaction parameters (temperature, stoichiometry, conversion) is crucial, in order to ensure constant product quality and safe handling of the transiently appearing organic peroxides. Thirdly, the reactor material should be highly resistant against corrosion, due to the harsh, oxidative conditions. Fourthly, reacting organic material and oxygen under those conditions poses an inherent safety risk. Thus, the smaller the volumes of reacting fluid and the head-space are, the safer the process will be.
The spiral Si/Pyrex microreactors developed in our group 12, 13 meet all these requirements. The oxygen dosage (stoichiometry) can be accurately controlled, due to the elimination of headspace. Moreover, the passivated silicon oxide surface ensures chemical compatibility with the corrosive, oxidative conditions. These microreactors do not only provide large surface areas ), but they are also moderately pressure and temperature tolerant (>30 atm, >300°C). 14 The combination of large interfacial area and elevated pressure is very promising in terms of gas-toliquid mass transfer. If the ratio of volumetric gas and liquid flow rates does not deviate too much from unity, the flow pattern within the reactor channel is a regular Taylor flow, with alternating gas bubbles and liquid slugs. The mass-transfer under such Taylor flow conditions is enhanced by internal recirculation within the liquid slugs. 15 β-pinene (1, Scheme 1) is a relatively abundant, renewable raw material as a by-product in the kraft paper pulp process. 16 Oxidative functionalization of this olefin is not only facile, it can also be done regioselectively and under retention of the absolute configuration. The autoxidation of 1 has recently been studied by some of us under batch conditions. 17 The primary oxidation products consist of hydroperoxides (2, 3), alcohols (4, 5), carbonyls (6, 7) and epoxide (8) . After corresponding reduction of the peroxides with e.g. sodium thiosulfate, 18 these allylic oxidation products are an important feedstock for fragrance mixtures, due to their interesting organoleptic properties. 19 This oxidation can be carried out without the need of a catalyst, nor a solvent. In fact, when using solvents, chances are high that the latter undergo stoichiometric cooxidation under reaction conditions. 20 Scheme 1. Autoxidation of β-pinene (1).
In the case of olefins, the reaction mechanism is based on chain-propagating ROO
peroxyl) radicals as in many other autoxidations. The product-catalyzed chain initiation 21 makes the reaction autocatalytic, hence the term "autoxidation". 22 Under the bubble-column batch conditions in our earlier study, the reaction became mass-transfer limited at T ≥ 110°C.
(+)-valencene (9) is a naturally occuring sesquiterpene (i.e. C15H24, see Scheme 2). Along with limonene and myrcene, it is responsible for the fresh scent of oranges and therefore used as orange aroma in consumer products. 23 Traditionally, it has been extracted from harvested orange peel, which lead to some problems in supply fluctuation and pesticide co-extraction. 24 Its biosynthesis in Valencia oranges (Citrus sinensis) has been shown to occur via farnesyl pyrophosphate rearrangement in an enzyme called Citrus Valencene Synthase (CVS). 25 By incorporating the underlying gene into yeast cells, the two biotech companies Allylix and Isobionics have succeeded in developing a fermentation process that yields selectively 9.
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The market launch of biotechnological 9 was in 2010 for both companies. 27 As a consequence, the supply of 9 is more stable than it used to be. The allylic oxidation of 9 to (+)-nootkatone (10) is a valuable transformation, since 10 is the main component of natural grapefruit flavour (Scheme 2). 28 It is used in the flavor and fragrance industry in a variety of grapefruit-tasting products (e.g. in beverages). 29 Again, the traditional extraction method requires enormous amounts of grapefruit peel 30 and is therefore not only expensive but also subject to strong market supply fluctuations, caused by droughts or other harvesting shortages. The challenges with the synthesis of 10 are nicely reviewed by Zorn. 31 In general, biotechnological approaches towards 10 are abundant in the literature, working with plant cells, 32, 33 animal cells, 34 bacteria, 35 fungi 36 or cell lyophilisates. 37, 38 Those methods have proven to work quite selectively, albeit with very low space-time yields. In the conclusion of the above-mentioned review, Zorn declares that in spite of 40 years research, an industrially feasible synthesis process still remains to be established, in order to replace the traditional citrus pulp/peel extraction. The chemical synthesis approaches for this transformation do work in high yield, but rely on stoichiometric amounts of hazardous substances such as chromates 39 or metal/peroxide auxiliaries, [40] [41] [42] complicating uses of the processes for generation of 10 for foodapplications Even though autoxidation of 9 (i.e. direct oxidation with O2) is a very promising approach and has been mentioned as a possibility to synthesize 10, 31 it has not been explored extensively, possibly because of the tedious conditions in the original publication, such as the use of a solvent and initiator, and a low conversion after 90 h reaction time. 43 In this contribution, we show that 10 can be obtained by autoxidation of 9 in a microfluidic system, in competitive space-time yield, without the need for any additives, solvents, or initiators.
MATERIALS AND METHODS

Setup
The autoxidation experiments were carried out in a microfluidic setup (Figure 1 , left) that allowed safe handling of this potentially hazardous chemistry. A heavy-duty syringe pump (PhD 2000, Harvard Apparatus), equipped with two pressure-resistant stainless steel syringes (Harvard Apparatus, 8 mL, teflon-greased), fed both gaseous (i.e. O2) and liquid (i.e. neat organic liquids) reactants into the microreactor. Any contact of the oily substrate with the steel wall of the syringe could lead to leaching of ppm amounts of redox-active iron or to carry-over of some teflon grease into the thin reactor channels. Thus, instead of pumping the substrate directly, the syringe pumped water that pressed the oily substrate out of a prefilled 1/16" PFA tubing reservoir. We used a silicon-based microreactor with a spiral pattern (400 µm  400 µm  0.85 m = 136 µL), surface-passivated with SiO2 and sealed with a transparent Pyrex lid. 12, 13 In the development phase, silicon nitride coated microreactors were also tested. However, they were not suitable due to quick surface corrosion and partial plugging of the reactor channels.
Note that the use of highly corrosion resistant metal alloys would also not be suitable for carrying out this type of chemistry, as those surfaces would be interfering with radical chemistry in increasing the rate of termination and thus artificially slowing down the overall kinetics.
Cooling of the aluminum holder (chuck) connecting the microreactor to tubes from the pump was done with a recirculating chiller (ThermoFisher, Neslab RTE7). The reactor was heated by cartridge heaters imbedded in an aluminum frame that sandwiched the chip and a 5 mm Pyrex layer for mechanical stability. The latter layer also provided visual access to the reactor.
Temperature was controlled with an appropriately tuned temperature controller (Omega, CN9412). The product mixture was collected in a 20 mL glass vial inside a 100 mL pressure bomb that served as back-pressure regulator for the system. In order to keep the pressure bomb outside the explosion regime, it was prefilled with nitrogen prior to reaction. The bomb could have been continuously purged with nitrogen for the purpose of keeping the back-pressure exactly constant, but this was not done to prevent discontinuities in the upstream flow path.
Nevertheless, the resulting backpressure increase was only 5% at the end of the run. 
Kinetics
Since the experiments were performed under continuous flow conditions, the concentration at a given point in the reactor was time-independent, i.e. in steady-state. This was exploited to obtain kinetic data: The disappearance point of the gas bubbles (xend) was taken as a robust measure for the time of full gas consumption, analogous to the H2 bubble shrinkage used by Bakker et al. 44 to determine hydrogenation kinetics. After two residence times for equilibration, the xend values were read out visually (Figure 1, right) , using a calibrated internal coordinate scale (see Supporting Information), and averaged over at least three readings. From that data, knowing the superficial flow rates of the two phases and the rate law of the chemical reaction, the effective reaction rate constant was obtained using equation 1,
where α (average O2 incorporation per product molecule) and β (average probability of a primary product being hydroperoxide) are substrate-specific parameters, γ is the gas-to-liquid slug ratio, Physically, the effective rate constant is composed of three components, representing chain initiation, propagation and termination, specifically:
In order to evaluate the temperature-dependency of the effective rate constants, we generated Arrhenius plots. The preexponential prefactor is susceptible to all parameters of Equation 1
whereas the activation energy depends only on the robust, direct experimental quantity xend as follows.
An extension of this claim for other mechanisms such as product-assisted initiation mechanisms (e.g. cyclohexane) 45 and non-autocatalytic oxidations (e.g. aldehyde) 46 is given in the Supporting Information. To obtain the gas-liquid mass-transfer value (kLa), the intrinsic chemical rate (Eq. 2) was equated to the maximum mass transfer rate, i.e. the product of kLa and the saturated oxygen concentration, which was obtained from Henry's law (H(1) = 0.030 M bar -1 ).
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Experiments
Organic substrates were purchased from Sigma-Aldrich in 99% purity (1) or 65% purity (9, nominal minimum value, the effective purity of this lot was 80%), respectively. In order to avoid effects related to high pressures, 1 was given preference over its regioisomer α-pinene in the present study. 47 The technical grade quality of 9 was chosen to obtain data for (economically) feasible conditions for potential scale-up of this chemistry: Whereas 1 can be purchased inexpensively in high purity, there is a massive cost increase for obtaining 9 in analytical grade, caused by the above-mentioned origin of the feedstock (i.e. renewable resource). Oxygen gas was given preference over pressurized air, in order to make it possible to monitor the reaction online via the full disappearance of gas phase. Gas chromatography (GC-FID, HP-5MS column, 30 m  320 µm  0.25 µm, samples internally standardized with biphenyl) was used to quantify selectivity and mass balance in the autoxidation of 9 to 10. Reductive sample preparation (adding a 5-fold excess of triphenylphosphine) was applied to deactivate intermediate hydroperoxides,
which could else give an artificially high signal of 10 due to thermal rearrangement in the injection chamber. For the autoxidation of 1, the observed product mixture did not significantly differ from the one published previously.
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Computations
Quantum mechanical calculations were at the UB3LYP/6-311++G(df,pd)//UB3LYP/6-31G(d,p) level of theory, 48 as previously validated against correlated methods, for radical oxidation reactions.
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All single-point energies were zero-point corrected.
In the text, we simply refer to this technique by "DFT". Calculations were performed using Gaussian 03 (tight SCF convergence criteria were chosen), 50 visualizations were done using Avogadro 1. 
RESULTS AND DISCUSSION
Calibration with β-Pinene
Under the chosen harsh reaction conditions, autoxidation of β-pinene (1) and concomitant consumption of oxygen occurred spontaneously without the need for initiating agents or catalysts. The reaction end point (xend) could be quantitatively measured, as described in the Experimental Section. We studied xend as a function of temperature and liquid flow rate ( Figure   2A ). As expected, increasing temperature and decreasing flow rate led to shorter xend values. The precise residence times (tres) are different for every set of conditions, since the flow rate is not constant within the reactor. Nevertheless, to give a range, tres varied roughly between 1-5 min.
Under the conditions used, conversion of 1 was limited to 5%, due to full gas consumption. In , for microreactor and batch, respectively.
The intrinsic kinetics found for this oxidation system, i.e. activation energy and exponential prefactor, are in very good agreement with the data from our earlier batch study ( Figure 2B ). 17 This indicates that kinetic data for autoxidations, obtained with microreactors, can be used as a solid basis for scaling up processes in larger flow reactors or even in batch. This is particularly useful, since obtaining kinetic data in batch or large flow-reactors is significantly more labor and material intensive. Also, the safety situation is difficult to assess beforehand, when the kinetic data is still unknown. Thus, non-hazardous screening of experimental conditions as well as determination of kinetic data in the microreactor is clearly preferred, even if the eventual goal is ).
With regard to selectivity, at first sight 9 does not seem to be an ideal candidate for radicalbased oxidations, since there are two double bonds in the molecule and based on a first-order structure-activity based estimation, eight carbon centers are "equally" reactive (Scheme 2).
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Even worse, functionalization of position 8 seems to be favored over the desired position 3, due to the tertiary C-H bond. However, stereoelectronic conformation effects are known to play a major role in fine-tuning the selectivity of cyclic olefins.
54,55
Thus, we performed a more reliable selectivity estimation using DFT. The results were very promising, both regarding chemo-and regioselectivity (Table 1) . Since the intermediate allyl radical (that forms upon H abstraction) is identical for both cases, functionalization of both 3 cis and 3 trans positions leads to the desired product and the selectivity values can be cumulated, yielding an overall prediction of 66% selectivity towards oxyfunctionalization at the desired position. , are in perfect agreement with these observations. Note that for such allylic hydroperoxide intermediates, the (implicit) assumption of a thermodynamically controlled isomer distribution is valid, since they can dynamically undergo Smith epimerization (via peroxyl redissociation) and Schenck rearrangement (via peroxyl 2,3-shifts) in the presence of radicals. 43 Inspired by our earlier observation in pinene oxidation, 17, 47 where overoxidation of hydroperoxides 2 and 3 efficiently yields carbonyls 6 and 7, respectively, as secondary reaction products, we hypothesized that the same might be happening in the case R(3)OOH, yielding 10.
In order to test this hypothesis with our microreactor setup, we carried out a sequence of ten autoxidation runs (using a batchwise recycle mode), where each run incrementally raised the overall conversion. The results are given in Figure 4 . For reporting of results, a three-parameter formalism was given preference over the conventional two-parameter formalism (where apparent selectivity and mass balance are combined into one parameter, the true selectivity) in order to allow for a more meaningful comparison of our results with other studies published (see below).
Equation (4) 
The residence time was about 2 minutes in each run, totaling to 20 minutes overall residence time. A steady increase in the conversion could be observed, slightly flattening off at high conversions. The mass balance was constant throughout the runs and amounted to about 35%.
The reason of the low GC mass balance, i.e. why roughly two thirds of the reaction products end up being non-volatile, is unclear and it can only be speculated to why this happens. A plausible explanation would be that in this radical-dominated system, to some extent radical polymerization would be initiated at the olefin functional groups, and although Table 1 suggests this would occur to only ~9% (lines 1 and 5), subsequent oligomerization could potentially lead to significant consumption of substrate. In any case, fact is that the mass balance for all nine studies presented in Table 2 is consistently low, with a mean value of only 50%. Thus, the results presented herein are not unexpected in this regard.
The apparent product selectivity increased in the first couple of runs from 20 to about 40%. selectivity is based on all volatile products, mass balance accounts for the fraction of volatile products among all products, yield refers to starting amount of substrate.
In terms of downstream processing, it has been shown that 9 can be separated from the product mixture and recycled, via a selective sorption approach. 32 Probably, the product mixture can be used directly, as such, since the other oxidation products have similar organoleptic
characteristics, yet with a much higher odor threshold. 56 Therefore, the odor interference in the end product might be small. Care should be taken, however, in that the remaining traces of hydroperoxide in the product mixture must be reduced before putting the product mixture into an end-user commodity. 57 In the present case, we performed such reduction with triphenylphosphine, other more food-compatible reducing agents include sodium thiosulfate or ascorbic acid.
Although higher yields have been reported in biotechnological approaches, it is not impossible that the present, chemical process might be beneficial under certain circumstances.
For instance, in view of the increasing availability of 9 (see above), prices are expected to decrease very significantly on a relatively short term. As a consequence, it might be the case that the cost-determining step will shift from purchasing 9 as raw material to producing 10 in an effective way, i.e. factors such as lowering costs for aqueous waste disposal and increasing space-time yield of 10 must be considered. In this regard, it could be worthwhile to sacrifice some selectivity, when the space-time yield is dramatically increased in return. Indeed, our observed space-time yield is approximately 0.3 kg of 10 per liter reactor volume per hour, which is 3-6 orders of magnitude higher than the biotechnological state-of-the-art (see Table 2 for a benchmark). Consequently, with a much smaller footprint, comparable production rates can be achieved. Moreover, there is no need for genetically modified cell cultures or enzymes, and the cost-intensive workup of large aqueous waste streams can be avoided. All this must be acknowledged when making an overall cost estimation, and it could not be excluded that the net cost of such a high temperature oxidation process in flow would be competitive with the above presented biotech processes. A further advantage of the present method is that it does not depend on any chemical auxiliaries, solvents or catalysts, simplifying the regulatory approval procedure required for food applications. Although our process is attractive in terms of space-time yield, the yield is about five times lower than in the biotechnological state-of-the-art. However, this is a conservative comparison, since in some works, hydroperoxide dehydration was not prevented in the GC analyses (i.e. no chemical reduction prior to analysis), which can lead to an artificially enhanced signal of 10 in the chromatogram. Indeed, the reports taking care of (intermediate) hydroperoxides report an average of 14.5% yield, which seems to be more realistic than the average 29.2% yield, reported by the other reports (denoted by a)
in Table 2 ). This point was mentioned already by Krügener.
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CONCLUSION
In summary, we have described a microfluidic setup able to safely and continuously perform the oxyfunctionalization of olefins at rates that are two orders of magnitude faster than conventional batch procedures. The acceleration was due to process intensification by increased temperature made possible by the favorable combination of a fast gas-liquid mass transfer constant with elevated system pressures. The reactions were carried out solvent-free to prevent solvent cooxidation. Since the reactor operates in a steady-state mode, visual access to the biphasic reaction enabled measurements of reaction kinetics by determining the end position of the gas bubbles within the reaction channel. The developed system was calibrated with the well-known -pinene autoxidation system and was then applied to the synthetically interesting transformation of (+)-valencene to (+)-nootkatone. For the latter, a moderate yield could be obtained; yet, the space-time yield was better by at least three orders of magnitude, compared to the established biotechnology approaches.
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Internal coordinate system of the microreactor Figure S1 . Internal coordinate system of the spiral microreactor (inverted colors for clarity). Gas bubbles are darkish on the upper half and bright on the lower half.
For visual read-out of the experimental data, i.e. the reaction end-point xend, we defined and calibrated an internal coordinate system ( Figure S1 and Table S1 ). 80 points were defined along the reactor's principal axes and bisecting lines. The numbering runs from 0 to 79. Since the reactor is 0.85 m long, the average mesh size is 10.8 mm. However, with interpolation between
